Using interlayer interaction to control functional heterostructures with atomic-scale designs has become one of the most effective interface-engineering strategies nowadays. Here, we demonstrate the effect of a crystalline LaFeO3 buffer layer on amorphous and crystalline LaAlO3/SrTiO3 heterostructures. The LaFeO3 buffer layer acts as an energetically favored electron acceptor in both LaAlO3/SrTiO3 systems, resulting in modulation of interfacial carrier density and hence metal-toinsulator transition. For amorphous and crystalline LaAlO3/SrTiO3 heterostructures, the metal-toinsulator transition is found when the LaFeO3 layer thickness crosses 3 and 6 unit cells, respectively. Such different critical LaFeO3 thicknesses are explained in terms of distinct characteristic lengths of the redox-reaction-mediated and polar-catastrophe-dominated charge transfer, controlled by the interfacial atomic contact and Thomas-Fermi screening effect, respectively. Our results not only shed light on the complex interlayer charge transfer across oxide heterostructures but also provides a new route to precisely tailor the charge-transfer process at a functional interface.
INTRODUCTION
Charge transfer has been one of the most intriguing phenomena responsible for rich physical properties in condensed matter. [1] [2] [3] For instance, the electron transfer from the doped AlGaAs to the adjacent undoped GaAs layer results in the formation of the high-mobility two-dimensional electron gas at the well-known GaAs/AlGaAs heterostructure. 4 Another example is the unconventional orbital reconstruction at the YBa2Cu3O7/(La,Ca)MnO3 interface, wherein holes get transferred from YBa2Cu3O7 to (La,Ca)MnO3. 5, 6 Charge transfer (or tunneling) across a multiferroic layer has been utilized to realize multiple switchable states in an all-oxide-based memory device. [7] [8] [9] Recent studies on two-dimensional materials have also highlighted the crucial role of charge transfer in photocatalysis 10, 11 and water splitting. 12 The physical concept of charge transfer is essential for both the fundamental understanding of interfacial properties and the future design of novel functional devices.
The complexity of interlayer charge transfer is further evidenced in the case of LaAlO3/SrTiO3 (LAO/STO) heterostructures, 13, 14 which host rich and exotic emergent properties. [15] [16] [17] [18] It is believed that the formation of the two-dimensional electronic system (2DES) at the LAO/STO interface is ascribed to the electron transfer from the LAO layer to the STO substrate surface. 14, 19, 20 Among various models that have been proposed to explain the origin of charge transfer in the last 15 years, there are two most popular mechanisms, i.e, polar catastrophe 14 and redox reaction. 21, 22 In the model of polar catastrophe, the charge transfer occurs to compensate for the discontinuity of formal polarization between the polar crystalline LAO layer and nonpolar TiO2-terminated STO substrate, leading to the formation of a 2DES at the crystalline LAO/STO (c-LAO/STO) interface. 13, 14 On the other hand, due to the different oxygen affinity between LAO and STO, the oxygen-deficient LAO layer will extract oxygen from the adjacent STO layer, leaving oxygen vacancies and mobile electrons at the interface. The latter explains the appearance of the 2DES at the amorphous LAO/STO (a-LAO/STO) interface with no polar catastrophe. 21, 23 Furthermore, other factors such as chemical doping, 24,25 off-stoichiometry, 26,27 intermixing 28, 29 , and surface defects 30, 31 can also affect the interlayer charge transfer in the LAO/STO system. Although the 2DES induced by various charge-transfer mechanisms may share some similar physical properties, different scenarios must be considered to understand the c-LAO/STO and a-LAO/STO system. Specifically, the polar-catastrophe-dominated charge transfer at the c-LAO/STO interface can be described by electrostatic screening -the transferred electrons are distributed in the interfacial STO layer to screen the polar field in LAO. If a thin buffer layer is inserted to serve as an energetically-favored electron acceptor, the electron transfer between LAO and STO will be suppressed, or even completely blocked when the buffer layer thickness exceeds the Thomas-Fermi screening length λ, which can be viewed as the characteristic length of the polar-catastrophe-dominated charge transfer. On the other hand, redox-reaction-mediated charge transfer will be interrupted by inserting an inert buffer layer which prevents direct contact between the amorphous LAO layer and the STO substrate surface. Considering the thickness of the interdiffusion layer [1-2 unit cells (uc)] induced by the growth process and substrate atomic terrace ( Figure S8 , Supporting Information), a 2(3) uc thick inert buffer layer will block most (all) of the atomic contact between LAO and STO, and thus prevent the redox-reaction-mediated charge transfer. This is consistent with the previous observation that the 2 uc inert (La,Sr)MnO3 layer is thick enough to turn the conducting a-LAO/STO interface into the insulating state. 32 Hence, we argue that the universal characteristic length of redox-reaction-mediated charge transfer should be around 2-3 uc, at which thickness of the inert buffer layer is able to separate the a-LAO and STO to avoid interlayer charge transfer.
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RESULTS
In this paper, we use a crystalline LaFeO3 (LFO) as a buffer layer to investigate the interlayer charge transfer in the a-and c-LAO/STO systems, as sketched in the inset of Figure 1a and 1b.
There are three reasons for adopting the LFO buffer layer. First, the layer-by-layer growth of LFO on the STO substrate ( Figure S1 , Supporting Information) enables us to control the buffer layer thickness down to 1 uc (~ 0.4 nm) to precisely examine the characteristic length of the charge transfer. Second, the bandgap of LFO (2.34 eV) 33 is smaller than that of STO (3.2 eV) 34 and LAO (5.6 eV) 35 which means that the LFO can serve as an energetically-favoured electron acceptor compared to STO during the interlayer charge transfer. 36 Third, there is neither polar-catastrophedominated nor redox-reaction-mediated charge transfers across the LFO/STO interface when the LFO layer is thin. Based on the polar-catastrophe model, the critical thickness of LFO ( LFO ) for triggering the interlayer charge transfer between polar LFO and non-polar STO is about 20 nm (50 uc), which can be estimated by LFO 37 where ε 0 is the vacuum permittivity, ε LFO = 120 38, 39 is the relative permittivity of LFO, e is the elementary charge, LFO 0 is the formal polarization of LFO and ∆ (~ 3.2 eV) is the energy difference between the valence band of LFO and the conduction band of STO. In the view of oxygen affinity, LFO cannot take the oxygen from STO to induce the interfacial redox reaction, resulting in preservation of insulating nature at the STO interface. 40 Therefore, when the LFO layer thickness is below LFO , neither polar-catastrophedominated nor redox-reaction-mediated charge transfer occurs at the LFO/STO interface. Gaussian and Lorentzian functions, the intensity ratio between L2 and L3 was calculated to obtain 8 the Fe 2+ concentration, denoted by Fe 2+ /(Fe 2+ +Fe 3+ ). The Fe 2+ fraction is 24±5% in the top LFO layer and reduces close to 0% for the rest of the LFO layers as shown in supporting information Table S1 . The Fe 2+ ions can be formed in the LFO layer due to either the oxygen-deficient growth condition or interlayer charge transfer. In order to clarify the origin of Fe 2+ , X-ray absorption spectroscopy (XAS) is applied on various control samples, including the a-LAO/LFO/STO, c-LAO/LFO/STO and LFO/Nb-SrTiO3 samples, with the same thickness (t = 1 uc) and growth parameters (oxygen pressure at 10 mTorr) for the LFO layer. In our proposed model, interlayer charge transfer is expected to occur in the a-and c-LAO/LFO/STO samples, but not in the LFO/Nb-SrTiO3. In Figure 3c , when compared to the non-charge-transfer LFO/Nb-SrTiO3 sample, the charge-transfer a-and c-LAO/LFO/STO interfaces exhibit an obvious enhancement of spectral weight below the Fe 3+ L3 main peak (709 eV). 42, 43 This suggests that the main origin of the Fe 2+ formation in the LFO layer must be ascribed to the interlayer charge transfer mediated by the interfacial polar catastrophe or redox reaction, instead of the formation of oxygen vacancies induced by the vacuum environment during the film growth. Also, by linearly fitting the XAS data of the c-LAO/LFO/STO interface using the theoretical Fe 2+ and Fe 3+ data, 44 Figure 4b , some of the transferred electrons are trapped by the low-energy state provided by the LFO buffer layer due to its small bandgap. 36 The negatively charged LFO buffer layer, accompanied by the formation of Fe 2+ , can also lower the built-in potential in the LAO layer to avoid the polar catastrophe. On the other hand, the rest of the transferred electrons are still able to penetrate through the LFO buffer layer to form the 2DES but with the lower charge density at the STO side. Further increasing t to λ LFO or above, all of the transferred electrons are trapped by the LFO buffer layer. In other words, the polar field of the crystalline LAO is completely screened by the LFO buffer layer with > λ LFO , and there is no electron transferred to the STO. Accordingly, the MIT occurs and no 2DES is formed at the STO as shown in Figure 4c 
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Surf. Sci. Rep. 2007, 62 (11) , 431-498. Many factors, such as stoichiometry, defects and intermixing, can affect the two-dimensional electron system (2DES) at the oxide interface. However, they cannot well explain the different electrical properties between crystalline and amorphous LAO/LFO/STO samples. a 3 1) Stoichiometry: it is well known that the stoichiometry of a deposited film is mainly determined by the laser energy (1.5 Jcm -2 ), target-substrate distance (7 cm) and growth pressure (10mTorr for LFO and 0.5mTorr for a-/ c-LAO) during the pulsed laser deposition process. Even for LAO/STO interface, those parameters have been used to control LAO's stoichiometry and thus transport properties. However, for our crystalline and amorphous samples, those growth parameters were kept unchanged to minimize the stoichiometry effect.
2) Interfacial Defects & Intermixing:
It is true that the defects in the crystalline LAO are different from ones in the amorphous layer. However, given that the 2DES is hosted by the interfacial STO layer, the defects/intermixing that are closer to the interfacial STO layer shall play more significant effects on the 2DES. So, the defects/intermixing at the LFO/STO interface shall be more important In addition, as shown in Figure S6(b) , the annealed c-LAO/LFO/STO sample shows nearly degenerate carrier density, while the as-grown sample exhibits carrier localization around 20-100 K due to oxygen vacancy carriers. 2 This observation suggests that the redox reaction (with oxygen vacancies) should be the only mechanism for the interlayer charge transfer in the amorphous Figure S8 ) is required for the redox reaction at the LAO/STO interface, as shown in Figure S8 (a). If inserting an inert buffer layer (like LaMnO3, EuTiO3 or LFO) that is thick enough to block such Al-Ti contact in Figure S8(b) , the redox reaction between LAO and STO will be avoided. However, the 1 uc buffer layer is usually not thick enough. Given the atomic steps and interfacial intermixing (1 uc layer of Ti-Fe and Fe-Al intermixing) at a real heterointerface as sketched in Figure S8 Figure S9(a) . This is because if the Fe 2+ level is higher (or much lower) than EF, there should be no Fe 2+ in LFO (or no 2DES in STO). Therefore, the charge movement in LFO layer from Site A to B can be divided into three steps: 1) electron excitation from Fe 2+ to 2DES at the site A with overcoming the energy barrier Egap, 2) electron movement
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along the STO conduction band to site B, and 3) electron falling back to Fe to form Fe 2+ at Site B, as plotted in Figure S9 (b). In this case, nLFO can be described by nLFO = nFe2+ exp(-Egap/kBT), where nFe2+ is the Fe 2+ density in LFO layer, Egap is the energy difference between EFe2+ and EF, kB is the Boltzmann constant and T is the temperature. In the equation nLFO = nFe2+ exp(-Egap/kBT), nFe2+ can be estimated by EELS and/or XAS data shown in Figure 3 in main text and Table S1 in supporting information, with nFe2+ ~ 6-7 × 10 20 cm -3 for tLFO = 4-5 uc. The value of Egap can be estimated by the slight drop of nS in 2DES on cooling at low temperatures (3-50 K) in tLFO = 4-5 samples, with nS = npolar + nFe-Ti. Here, npolar is due to the screened polar LAO and less depending on temperature, while nFe-Ti is temperature-dependent and corresponds to the charge density excited from Fe 2+ to 2DES with nFe-Ti ∝ exp(-Egap/kBT). If the screening effect of the LFO buffer layer is weak with less Fe 2+ ions, such nS drop will not be observable. This is supported by Figure S10(a) , where the thinner LFO layer (tLFO = 2-3 uc) with the weaker screening effect doesn't induce the carrier drop below 50 K. In Figure S10 
